The spinal column is the most common site of bone metastasis. 4 In patients who are asymptomatic, the thoracic spine is involved in 70% of cases, whereas the cervical and lumbar regions are affected in 10 and 20%, respectively.
up period of 12.6 months (range 2-22 months). The functional outcomes were analyzed using the VAS, 20 and the neurological performance scale proposed by Frankel, et al., 6 and perioperative complications were documented. There were seven women and eight men whose mean age was 55.7 years (range 30-79 years).
The clinical diagnosis and demographic data are shown in Table 1 . On presentation, three patients were classified as neurologically normal (Frankel Grade E) , six as Frankel Grade D, five as Frankel Grade C, and one as Frankel Grade B. The six patients who were classified as Frankel Grades B and C had bowel or bladder dysfunction on admission. The reconstructions were performed in the thoracic spine (T2-12) in 10 patients, in the lumbar spine (L1-5) in four, and in the cervical spine in one. Seven of the patients had lesions involving the thoracolumbar junction (T11-L2). Eleven patients underwent a one-level vertebrectomy, whereas two-and three-level vertebrectomies were performed in three patients and in one patient, respectively.
Radiographic images will be used to determine the degree of correction of the kyphotic angle between the pre-and postoperative phase, stability of the VBR cage, and complications related to the cage. Spinal fusion was not our primary goal in these patients, because most of them received adjuvant radiotherapy and chemotherapy to control the underlying disease.
Descriptive statistics (means Ϯ standard deviations) were obtained for quantitative variables, and percentages were calculated for categorical variables of interest.
Biomechanical Properties of VBR
Biomechanical studies were performed to determine potential failure modes and their associated causes, as well as to meet the American Society for Testing and Materials standard. The VBR cage is most stable mechanically when it is not distracted, because the compression load is distributed over the cross-sectional area of both the center piece and the end piece. In addition, because the end pieces are linked to the center piece by threads, the more threads engaged (a less distracted state), the stronger the assembly. Figure 1 depicts the VBR expandable cage.
Compression Testing. Using a biomechanical model corroborated by measurements of the myoelectric activities in the trunk and intradiscal pressure, Schultz, et al., 21 predicted mean compression loads on the lumbar spine of up to 2400 N with the individual in a standing position holding two 4-kg weights in outstretched hands and with the trunk flexed at 30°. Thus, the results of the VBR testing (12,720-N static failure load; 5 million cycles at 4-kN dynamic loading) clearly demonstrate that this device exceeds the minimum strength criteria in the published literature.
Shear Testing. The failure loads were comparable and failure modes were the same for both shear testing and compression testing. For static shear testing the mean failure load was 16,459 N and for static compression testing the mean failure load was 12,720 N. For dynamic testing the 5-million-cycle runout load in both shear and compression testing was at least 4000 N. The failure mode in I. Thongtrangan, et al. 1  49, F  breast ca mets, T-12  T11-L1  ant  ant T11-L1  22  C  D  10  6  none  2  53, F  melanoma mets, T-12  T11-L1 &  A-P  ant T11-L1, L2-4;  20  E  E  9  6  none  & L-3  L2-L4  pst T8-L5  3  55, M  testicular ca mets, T-10  T9-11  ant  ant T9-11  19  E  E  8  5  none  4 48, M B-cell lymphoma, T-6 T5-7 each of the various types of testing was shearing of the VBR threads. Thus, VBR devices with angled end pieces did not endure significant shear forces under compressive loading, but rather exhibited mechanical characteristics very similar to the VBR constructs without angled end pieces subjected to compression loads. In addition, the results of the dynamic shear testing (5 million cycles at 4 kN) demonstrated that the VBR devices with angled end pieces exceed the offset deformable barrier's minimum requirement of the American Society for Testing and Materials of 5 million cycles at 3 kN.
Torsional Testing. The results show that the maximum runout load to 5 million cycles without failure was 4.5 Nm. Failure of the constructs occurred in the upper region of the center piece, right above the central flange. No loosening of the constructs was observed after testing. The mean ultimate static torsional strength was 9.22 Nm. Thus, the mean ultimate static torsional strength of 9.22 Nm and the torsional fatigue strength of 4.5 Nm at 5 million cycles recorded for the VBR device demonstrate that it can withstand the torsional loads to which it would be subjected in vivo.
Expulsion Testing. A standard of deviation of 6.69 N with a mean ultimate load of 406.32 N was found for the constructs tested with a preload of 500 N. The mode of failure seen during testing was the failure of the polyurethane foam due to gouging of the metal teeth of the endplates in the foam blocks. No failure or deformation of the VBR construct was apparent or detected in any of the tests.
Conclusions. From the biomechanical standpoint, the VBR construct's mechanical properties are capable of withstanding the loads, and the device appears to be effective for its intended use of replacing VBs after vertebrectomy and providing stabilization of the spine by restoring and/or maintaining vertebral height.
Surgical Procedure
All patients underwent VB resection and decompression of the spinal canal, followed by anterior column reconstruction with an expandable cage. The disc and cartilage were removed while preserving the bone endplate, although the process of cage insertion routinely resulted in some disruption of the endplate from the edges of the cage. The appropriate implant size was determined using a caliper to measure the length of the corpectomy to be bridged, and the measuring template was used next to match the distance of the corpectomy with the appropriate VBR implant.
The matching VBR end pieces were attached to the corresponding central core after sizing. Angled end pieces that matched the anatomy of the vertebral endplates were selected, and these end pieces could be used in combination to provide 0, 5, 8, 10, 13, and 16°of angulation based on the severity of deformity.
Graft material could be used to fill the VBR device; we used autograft, allograft, and calcium phosphate in our series. Once the construct is distracted to its final length, additional graft material could be added to fill the end pieces completely. With angled end pieces implantation was critical; otherwise the device could rotate and lead to failure of correction. The surgeon had to control the cage's position during its implantation and expansion. The cage can be expanded either with an expansion instrument or wrench. The implant position was confirmed after the VBR assembly had been appropriately expanded. If repositioning was required, the expansion instrument was turned in the opposite direction to close the VBR assembly, which was repositioned and then reexpanded. Once correct positioning of the VBR was confirmed, the end pieces were secured to the central core with two set screws in each end piece by using a screwdriver. If desired, additional bone graft or bone substitute could be placed around the implant. Because the cage is not designed to be a standalone device, an anterior plate or rod construct was placed in all cases. If the posterior column integrity was compromised, or if more extensive vertebral column reconstruction was needed, then same-day combined anterior-posterior decompression and stabilization procedures were performed. In our series, 10 patients (66.7%) underwent a same-day combined anterior-posterior approach, whereas five (33.3%) underwent an anterior approach only.
RESULTS

Radiographic Outcomes
The correction of the kyphotic angle achieved postoperatively averaged 20˚. There were no significant complications related to cage placement. At the end of the follow-up period, there were no instances of cage or hardware failures. All patients achieved immediate stability after the surgeries. Fusion was not our primary goal in these patients because most of them required adjuvant chemotherapy and radiotherapy thereafter. One of the patients in our series had undergone CT scanning postoperatively, however, and the CT scan revealed good alignment of the expandable cage, proper placement of the hardware, and that the VBR cage appeared to fit tightly to the host bone (Fig. 2) .
Neurosurg. Focus / Volume 15 / November, 2003
Expandable cage for vertebral body replacement 3 Fig. 1 . Photograph showing the expandable cage device consisting of one central core and two end pieces, with small holes made around the device for the purpose of bone fusion. To assemble, the match grooves of the central core and the end piece need to be aligned on the same side. The spikes at both ends increased the stability of the device at the bone-implant interface; however, it is not designed to be used as a standalone device. Both ends can be changed from flat (0˚) to 5˚ or 8˚.
Functional Outcomes
The VAS (Pain Scale). At the end of the follow-up period, patients exhibited significant improvements in their mean pain scale or VAS scores (the VAS scores range from 0 to 10, with 10 being the most painful). Their pain levels decreased from 8.4 preoperatively to 5.2 at the final follow-up visit.
The Frankel Neurological Performance Scale. Patients who were classified as Frankel Grade C or below preoperatively improved by at least one neurological grade postoperatively. Those who began at Frankel Grades D or E remained the same after the surgery. Recurrence of the tumor was found in two patients at the final follow-up review.
Perioperative Complications. An anterior approach was performed in five patients, whereas a combined anterior-posterior approach was performed in 10 patients. No perioperative (approach-related) complications were noted in our study. There was no incidence of disease transmission, superficial or deep wound infections, or neurological deterioration. At a mean follow-up time of 12.6 months, there were also no complications related to the expandable cages. There were, however, two cases of recurrent disease: the patient in Case 5, who had a recurrent chordoma, and the one in Case 8, who had a mesenchymal chondrosarcoma.
ILLUSTRATIVE CASE STUDY
Case 1
This 49-year-old woman presented with severe back pain, bilateral lower-extremity weakness, and urinary incontinence. Neurological examination revealed her Frankel grade as C at her initial presentation. She was known to have had underlying breast cancer for a few years. Magnetic resonance images and reformatted CT scans of the thoracolumbar spine revealed severe destruction of the T-12 VB by tumor, and compression of the spinal canal (Fig. 3) . Via a left anterolateral approach, the tumor and the T-12 VB were resected, and the spinal cord was completely decompressed. The expandable cage was inserted, spanning T-11 to L-1, and anterior plating (MACS-TL; Aesculap, Tuttlingen, Germany) was placed from T-11 to L-1. We did not perform supplemental posterior fixation because the posterior vertebral column was intact and VBR with the anterior construct was biomechanically strong enough in this patient. Postoperative x-ray films demonstrated correction of the deformity and confirmed that the expandable cage spanned from T-11 to L-1 (Fig.  4) . The patient's pain was significantly reduced immediately after the surgery, and her neurological grade improved by one increment, to a Frankel Grade D, after the surgery.
DISCUSSION
In recent years, several artificial materials and implants have been developed to replace the VB, although bone cement is still widely accepted for this purpose. 10 Other options are various kinds of synthetic cages made from carbon fiber, titanium fiber mesh, or expandable titanium cages, and they have become popular substitutes for structural bone grafts. Implantation of synthetic cages into the anterior column seems to offer immediately effective segmental stability, correction of the sagittal plane deformity, and restoration of the anterior vertebral support from a biomechanical standpoint. These anterior interbody cages provide a satisfactory axial load-bearing capacity, and morcellized autograft can be used to fill the inside of the cage. Recently, various types of cages have been used clinically and are classified as carbon fiber, mesh, and titanium metal, based on the material's characteristics.
Carbon fiber cages have the advantage of radiolucency; therefore, they offer better opportunities for postoperative fusion assessment. Unfortunately, there are disadvantages to using carbon fiber implants, including inflammatory responses with possible foreign body reactions and brittleness resulting in breakage, as well as composite material failure. 24 Vertical metallic mesh cages are also a viable option for anterior column support with minimal complications. The titanium mesh cage allows anchoring by bone, because its end tip has spikes. Unlike bone grafts, both ends of a titanium mesh cage have sharp edges that allow it to be anchored into the adjacent VBs, which results in torsional stability. The vertical placement of the mesh cage allows optimal room for autogenous grafting and for contact of the graft with the vertebral endplates. The potential for radiographic assessment of mesh cages is not as good as in the carbon fiber implants with their radiolucency. Subsidence of the mesh cage into adjacent VBs and lateral displacement are the most common complications when adjacent VBs were of optimal quality. 23 One of the recent advancements in VBR procedures is the variety of forms of the expandable titanium vertebral cage. These cages are highly versatile and easily expandable and can be used to reconstruct the vertebral column defect and to correct the sagittal alignment of the spine. They can facilitate distraction across the resected vertebral defect for correction of the deformity, allow immediate load bearing after corpectomy, and provide a satisfying long-term functional result. The risk of disease transmission associated with allografts is avoided as well. Even though fusion for long segmental vertebral defects is needed, immediately stability can be maintained without any settling of the graft.
One potential complication associated with the use of titanium mesh cages as anterior column supports is subsidence into the VBs. On the other hand, very minimal subsidence occurs with expandable cages because of their broader surface and duller edges at each end. After successful VB reconstruction with the expandable cage, the anterior fixation device or the posterior instrumentation must be added, because this cage provides only minimal stability in all directions of load, particularly in the torsional load of the segment. The major disadvantages of these expandable cages are that they prevent adequate radiographic assessment of fusion and offer a smaller surface as a fusion bed than titanium mesh. Nevertheless, fusion is not the primary goal for patients with tumors.
There were no significant intra-or postoperative complications. At a mean follow-up time of 12.6 months, there were also no complications related to the expandable cages. There were, however, two instances of recurrent disease: the patient in Case 5, who had a recurrent chordoma, and the one in Case 8, who had a mesenchymal chondrosarcoma. Given the limitations of this study, however, the expandable cage appears to be safe and effective. The results are promising for providing immediate stability and reducing pain significantly.
We believe that the use of expandable cages in spinal tumor reconstruction is worthwhile because of the following reasons: 1) easier placement after vertebrectomy; 2) ability to fit tightly after expansion of the cage; and 3) ability to correct the deformity.
Significance of the Anterior Approach
Most of the axial load of the spine is carried by the anterior vertebral column. Therefore, anterior column reconstruction is the most important component in the restoration of normal spinal biomechanics. The ideal anterior column support must provide immediate stability and permit successful bone fusion. Several authors have studied the use of short-segment posterior pedicular fixation in patients with trauma and found high rates of instrumentation failure, even though transpedicular bone grafting has been performed. 2, 5, 15, 16 Most of the failures occurred because of cantilever bending forces acting on the screws in the absence of a competent anterior column. On the other hand, anterior constructs have some obvious advantages and offer a safe short-segment fixation for stability. Several biomechanical studies have revealed that in the thoracolumbar area, anterior constructs were more rigid in axial compression, torsion, and flexion loading than posterior constructs. 9, 22 Posterior instrumentation without anterior reconstruction has been used to reduce deformity and stabilize the spine in cases of incompetent anterior column defects. Several authors, however, have reported failure of the posterior constructs to maintain stability in cases of compromised anterior column. 5, 15 There have been reports of failure of anterior constructs consisting of tricortical strut bone graft and anterior instrumentation in thoracolumbar fractures because the graft could not withstand the axial compression load. 7, 25 Therefore, a combined or staged posterior fixation was often required to supplement anterior constructs. Oda, et al., 18 demonstrated that a combined anterior-posterior fixation was biomechanically superior to either an anterior construct alone or a posterior construct alone in thoracolumbar total vertebrectomy. Kandziora, et al., 12 in a biomechanical study of expandable cages after cervical corpectomy, concluded that anterior plating increased biomechanical stability adequately and that additional posterior stabilization should only be considered in cases of severe rotational instability of the cervical spine. In most of the patients in our series, lesions occurred in the thoracic region and at the thoracolumbar junction; therefore, we believed that a combined construct was the most stable after total vertebrectomy.
Complications may result from the surgical approach and from the placement of spinal instrumentation. The anterior approach may pose a risk of great-vessel injury as well as internal organ injury because of unfamiliar anatomical landmarks or excessive traction. A retroperitoneal approach also requires careful protection of the ureter, lumbosacral plexus, and sympathetic chain. In a recent retrospective study, Oskouian and Johnson 19 reported a 5.8% incidence (12 of 207 patients) of vascular complications in patients who underwent anterior approaches in the thoracic and lumbar spine, but without serious consequences. In our series we observed no vascular and internal organ complications; however, it is our opinion that the benefits of the anterior approach are outweighed by the risks.
CONCLUSIONS
Expandable cages allow restoration and preservation of height, lordosis, and alignment after anterior tumor resection from the cervical spine to the lumbar spine, especially at the thoracolumbar junction. In our experience there were no instrumentation failures. This device provides an additional means of achieving reduction of kyphotic deformity and stabilization after tumor resection. In our series the expandable cage appears to be effective after vertebrectomy; however, it is not designed for use as a standalone device. Anterior instrumentation with or without additional posterior instrumentation is required. The advantage of the expandable cage is that it is easy to use because it permits optimal fit and correction of the deformity because of in vivo expansion of the cage. Our early results are promising, but long-term studies are needed.
